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Robust Optimal Digital Control of Uncertain Multi-Rate
Sampled-Data Systems
Summary of Research Results
Most physical processes and complex systems are formulated by hybrid uncertain systems that consist of mixed continuous and discrete uncertain subsystems. The uncertainties in these systems arise from unmodeled dynamics, parameter variations, sensor noises, actuator constraints, etc. These variations do not follow any of the known probability distributions in general, and are most often quantified in terms of amplitude and/or frequency bounds. Hence, practical systems are most suitably represented by hybrid interval models with bounded parameters, disturbances and noise inputs. At present, no effective method and software are available for digital modeling and digital simulation of such hybrid interval systems. With the aid of interval arithmetic, we have developed new interval methods for finding an equivalent discrete-time or continuous-time interval model for a hybrid interval system As a result, the well-developed theories and methods in either the discrete-time domain or the continuous-time domain can be effectively applied to the analysis and design of hybrid uncertain systems.
Moreover, to improve significantly the qualitative and quantitative properties of an uncertain system represented by a continuous-time uncertain framework, analogue robust control design methods, such as the continuous-time H2/H«> robust control methods, have been developed in the past. With the rapid advances in digital technology and computers, the resulting analogue robust controller is often required to be implemented using a digital controller for better reliability, lower cost, more flexibility and better performance. The process of converting an analogue controller to an equivalent digital controller, so that the performance of the digitally controlled hybrid uncertain system closely matches that of the original continuous-time controlled uncertain system for a relatively longer sampling period, is called "digital redesign". At present, no effective method is available for digital redesign of such hybrid uncertain systems. We have recently developed a new digital redesign method for robust digital control of continuous-time interval systems. Vol. 1, No. 4, pp. 267-283 1993 .
Abstract
This paper deals with the design method of an optimal robust digital servo controller with two degrees of freedom for a continuous-time plant with an input delay. The proposed digital controller includes not only state-feedback terms from the plant and the servocompensator but also state-feedforward terms from the reference and disturbance signals. We introduce a discrete-time performance index to optimize the feedback and feedforward gains and use state reconstructors to realize the servo controller. As a result, the sampling output of the digital system tracks the sampling reference signal in the presence of the disturbance. In addition, the use of the optimal feedforward compensation leads to a satisfactory transient response to the reference signal.
(2). unstructured and structured uncertainties in the system and the input matrices. Also, a constraint is established to verify that the proposed robust LQRs preserve H2 optimality with respect to a specific quadratic cost function.
(7). Wang, S.G., L.S. Shieh and J. W. Sunkel, "Robust optimal pole-placement in a vertical strip and disturbance rejection," Int. J. Systems Sei., Vol. 26, No. 10, pp. 1839 -1853 , 1995 .
This paper presents a linear quadratic regulator (LQR) for robust closed-loop poleplacement within a vertical strip, and disturbance rejection with an H<»-norm constraint for the uncertain linear systems. The concerned systems cover both matched and mismatched uncertain linear systems with unstructured or structured uncertainties existing in both the system and input matrices. A set of tuning parameters is incorporated for some flexibility in finding a solution to the algebraic Riccati equation, and a controller dain parameter is selected for robust pole clustering. Also, a constraint is established to verify whether the proposed robust LQRs preserve H2 optimality with respect to a specific quadratic cost function.
(8). Shieh, L.S., X. Zou and N.P. Coleman, "Digital interval model conversion and simulation of continuous-time uncertain systems," IEE Proceedings D. Control Theory and Applications,, Vol. 142, No. 4, pp. 315-322,1995 .
The paper deals with the problem of converting a continuous-time uncertain linear system to an equivalent discrete-time uncertain model and its digital simulation. The system matrices characterising the state-space representation of the original uncertain system are assumed to be interval matrices. The geometric series method together with interval arithmetic is employed to obtain the approximate discrete-time interval models. A new technique is developed to estimate the modelling errors. These modeling errors are used to modify the approximate interval models obtained via the interval geometric-series method.
The resulting interval models (the enclosing interval models) are able to tightly enclose the exact uncertain model. Also their approximate discrete-time interval solutions are able to tightly enclose the exact interval solution of the continuous-time uncertain state-space equation. The proposed digital uncertain models can be used for digital simulation and digital design of continuous-time uncertain systems. 
The paper presents a state-feedback design methodology for singular systems and proposes an input-output feedback structure for implementation of the designed state-feedback control law. First, the state-space representation of a singular system is decomposed into a reduced-order regular subsystem and a fast subsystem which include impulsive modes and infinite nondynamic modes, in which the states of impulsive modes cannot be estimated by means of the conventional state observer. Next, a state-feedback design concept is introduced to eliminate all impulsive modes of the fast subsystem and to optimally place the eigenvalues of the regular subsystem within a specific region. Finally, the obtained statefeedback control law is implemented by the proposed stable input-output feedback structure. 
This paper addresses two issues: 1) converting a continuous-time uncertain system to an equivalent discrete-time interval model; and 2) constructing a robust digital control law from a robust analogue control law for hybrid control of sampled-data uncertain systems. The system matrices characterizing the state-space representation of the original continuoustime uncertain systems are assumed to be interval matrices. The Pade approximation method together with a geometric-series approximation method is employed to obtain the generalized enclosing discrete-time interval models. The generalized enclosing interval models are able to tightly enclose the exact discrete-time uncertain model, and can be utilized for digital simulation and digital design of continuous-time uncertain systems.
A new family of digitally redesigned interval controllers is constructed from a continuoustime robust controller for robust digital control of continuous-time uncertain systems.
Using the newly digitally redesigned interval controllers, the dynamic states of the digitally Systems, Vol. 43, No. 10, pp. 851-854, October 1996 .
This brief presents an interval geometric-series approximation method to covert a continuous-time uncertain system to an equivalent discrete-time uncertain model. The system matrices characterizing the state-space representation of the original uncertain systems are assumed to be interval matrices. The exponential matrix-valued function with an interval system matrix is approximated by a rational interval matrix-valued function using the geometric-series approximation method. Then, the desired enclosing interval approximation is obtained by adding an error interval matrix, which accounts for the approximation error, to the rational interval approximant. Measurement, and Control, Vol. 118, pp. 673-682, December 1996. Abstract In this paper, we address two issues: digital redesign of a continuous-time interval system using an interval chebyshev quadrature approximation method; and translation of the newly digitally redesigned pulse-amplitude modulated (PAM) controller into an equivalent pulsewidth modulated (PWM) controller via a second-order Taylor-series approximation method. Using this new interval digital redesign technique, the dynamic states of the digitally controlled sampled-data interval system are able to closely match those of the original analogously controlled continuous-time uncertain system. Three illustrative examples are provided to demonstrate the effectiveness of the proposed methods. 
